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Abstract 

Platinum/carbon  nanotubes  (Pt/CNT)  electrocatalysts  are  prepared.  The  CNTs  are  pre-treated  in  order  to  obtain  reactive  sites  for  the  adher¬ 
ence  of  Pt  metal  particles.  The  electrocatalysts  are  characterized  by  scanning  electron  micrograph  (SEM),  transmission  electron  micrograph 
(TEM)  and  X-ray  photoelectron  spectrum  (XPS)  measurements.  It  is  found  that  the  catalysts  contain  both  Pt(0)  and  Pt(IV)  species.  A  high  Pt 
loading  of  32.5%  on  CNTs  is  obtained  when  the  catalysts  are  prepared  with  ethylene  glycol  and  Pt  salt.  The  electrocatalysts  are  used  for  the 
oxygen  reduction  reaction  in  polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  and  the  performance  of  PEMFC  is  analyzed  with  respect  to 
catalyst  synthesis  and  Pt  loading.  Cyclic  voltammetric  studies  show  that  the  Pt  utilization  in  the  fuel-cell  electrodes  is  around  44%.  Catalysts 
obtained  with  mild  nitric  acid-treated  CNTs  give  a  better  performance  of  680  mV  at  500  mA  cm-2  and  600  mV  at  800  mA  cm-2  than  catalysts 
prepared  with  ethylene  glycol  and  Pt  salt. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Carbon  nanotubes  (CNTs)  are  a  subject  of  great  interest 
given  their  unique  structure  and  excellent  properties.  They 
offer  potential  applications  in  electronic  devices,  catalysts, 
sensors,  field-emission  devices  and  hydrogen- storage  media 
[1-8].  The  size  and  morphology  of  CNTs  enable  them  to  be 
a  suitable  catalyst  support,  in  which  active  metal  particles 
may  disperse  on  the  external  walls  or  be  encapsulated  in  the 
interior  of  the  nanotubes.  The  metal  particles  on  the  external 
walls  make  contact  with  the  reactant  molecules  more  easily 
than  those  encapsulated  inside  the  internal  channels  of  the 
CNTs  [9-12]. 

There  are  different  methods  for  dispersing  platinum  on 
carbon.  Since  CNTs  are  chemically  inert,  activating  their  sur¬ 
faces  is  essential  and  this  has  motivated  numerous  studies  to 
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improve  metal  dispersions  on  carbons,  mainly  through  opti¬ 
mization  of  the  metal  supporting  procedures  or  functional¬ 
ization  of  the  carbon  surface.  The  aromatic  ring  system  of 
the  carbon  nanotubes  can  be  disrupted  by  the  application  of 
extremely  aggressive  reagents,  such  as  HNO3  or  H2SO4  or 
a  mixture  of  two,  and  therefore  the  nanotubes  can  be  func¬ 
tionalized  with  groups  such  as  hydroxyl  (—OH),  carboxyl 
(— COOH)  and  carbonyl  (>C=0)  that  are  necessary  to  an¬ 
chor  metal  ions  to  the  tube.  Sonication  in  organic  solvents 
produces  dangling  bonds  that  undergo  further  chemical  reac¬ 
tions  and  provide  the  oxidative  power  necessary  to  incorpo¬ 
rate  acidic  sites  into  carbon  nanotubes,  which  varies  with  the 
tube  diameter  [13-16]. 

The  electrocatalytic  mass  activity  of  Pt  clusters  in  a  peri¬ 
odic  array  of  ordered  nanoporous  carbon  is  higher  than  that 
of  platinum  in  carbon  black  samples,  and  thus  the  former 
are  suitable  for  oxygen  reduction  [17].  Lordi  et  al.  [18]  re¬ 
ported  the  preparation  of  metal-loaded  single- walled  CNTs 
(SWNTs)  by  a  three-step  process,  namely  (i)  strong  oxidation 
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in  nitric  acid  to  purify  the  tubes;  (ii)  weak  oxidation  to  an¬ 
chor  sites  (surface  oxides)  for  Pt;  (iii)  attachment  of  Pt  to  the 
SWNTs  by  reduction  of  K^PtCU  in  ethylene  glycol.  The  sur¬ 
face  oxides  have  mostly  carboxylic  acid  functions  and  act  as 
anchors  for  Pt  particles,  presumably  through  an  ion-exchange 
reaction  in  a  reducing  agent,  to  produce  material  that  consists 
of  10wt.%  Pt  with  particles  sizes  averaging  between  1  and 
2  nm.  Other  strategies  including  electrostatic  deposition  and 
physisorption  of  nanoparticles  of  Au,  Pt  and  Ag  on  to  acid- 
treated  multi- walled  CNTs  (MWNTs),  where  the  nanoclus¬ 
ters  rapidly  tend  to  coalesce  on  the  nanotube  templates  and 
result  in  wire-like  structures  that  consist  of  large  poly  crystals. 
Choi  et  al.  [19]  reported  the  spontaneous  reduction  of  metal 
ions  on  the  sidewalls  of  carbon  nanotubes  in  an  ethanolic 
aqueous  solution  of  Na2PtCl4,  where  the  nanotube/Pt2+  sys¬ 
tems  can  be  categorized  as  redox  pairs.  This  process  differs 
from  electroless  deposition  that  requires  reducing  agents  or 
a  catalyst,  as  a  result  of  direct  redox  reactions  between  ions 
and  nanotubes.  Although  these  studies  strongly  support  the 
application  of  carbon  nanomaterials  as  catalyst  supports  in 
the  electrodes  of  fuel-cells,  actual  fuel-cell  tests  have  yet  to 
be  undertaken. 

The  performance  of  a  direct  methanol  fuel  cell  (DMFC) 
with  Pt-loaded  MWNTs  obtained  by  the  reduction  of  Pt  ion 
salt  in  ethylene  glycol  solution  has  shown  that  the  concentra¬ 
tion  of  ethylene  glycol  plays  a  key  role  in  the  deposition  of 
Pt  particles  [20].  Liu  et  al.  [21]  studied  the  preparation  and 
characterization  of  Pt-based  electrocatalysts  on  MWNTs  for  a 
proton  exchange  membrane  fuel  cell  (PEMFC)  by  a  two-step 
sensitisation-activation  treatment.  It  was  found  that  the  de¬ 
position  of  Pt  was  very  sensitive  to  the  ageing  of  the  sensitiza¬ 
tion  solution.  Steigerwalt  et  al.  [22]  studied  six  Pt/Ru-carbon 
nanofibre  composites  for  methanol  oxidation  in  DMFC. 

As  part  of  an  ongoing  investigation  of  synthetic  strategies 
for  preparing  Pt-loaded  CNTs  as  oxygen  reduction  catalysts, 
the  study  reported  here  is  a  systematic  preparation  and  charac¬ 
terization  of  Pt  catalysts  supported  on  MWNTs  with  PEMFC 
test  results.  Each  catalyst- supported  MWNT  is  prepared  by  a 
different  method,  and  the  catalyst  synthesis  procedures  have 
been  optimized  to  produce  an  appreciable  loading  of  catalyst 
in  the  support  to  provide  measurable  performance  as  PEMFC 
oxygen  reduction  catalysts.  The  PEMFC  electrodes  are  pre¬ 
pared  in  a  uniform  fashion  with  the  intention  of  evaluating  the 
catalyst  synthesis  procedure  that  might  show  the  best  perfor¬ 
mance  in  actual  fuel-cell  operation.  The  effects  of  different 
synthesis  procedures  of  Pt  on  MWNTs  and  the  loading  of 
Pt  on  PEMFC  performance  are  analyzed  by  maintaining  the 
same  experimental  conditions. 

2.  Experimental  section 

2. 1 .  Synthesis  of  carbon  nanotubes 

MWNTs  were  synthesized  by  catalytic  decomposition 
of  acetylene  using  Mischmetal-based  AB2  alloy  hydrides 


as  the  catalyst  [23].  The  as-synthesized  carbon  nanotubes 
were  refluxed  with  concentrated  HNO3  for  24  h,  followed 
by  washing  with  de-ionized  water  several  times  and  then  the 
sample  was  dried  in  air  for  30  min  at  100  °C.  They  were  fur¬ 
ther  treated  with  hydrofluoric  (HF)  acid.  This  was  followed  by 
air  oxidation  at  500  °C  for  2  h  to  remove  the  amorphous  car¬ 
bon  and  to  open  the  ends  of  the  carbon  nanotubes.  The  sam¬ 
ples  were  characterized  by  SEM  and  TEM  measurements. 

2.2.  Electro  catalyst  synthesis 

Catalyst  A:  Catalytic  Pt  nanoparticles  with  MWNTs  were 
prepared  by  immersion  of  MWNTs  into  a  solution  of  75  mM 
Ff^PtCl^.  After  magnetic  stirring  for  about  12  h,  the  platinum 
salt  was  reduced  by  slowly  adding  a  solution  that  was  a  mix¬ 
ture  of0.1MNaBH4  and  1M  NaOH.  When  the  reaction  was 
complete,  the  solution  was  filtered  with  copious  amounts  of 
deionized  water,  filtered  and  dried  by  vacuum  filtration  using 
cellulose  membrane  filters  with  a  pore  size  of  0. 1  pan.  The 
recovered  carbon  nanotubes  loaded  with  platinum  were  then 
dried  at  80  °C  for  about  2  h. 

Catalyst  B:  In  order  to  increase  the  ‘wetness’  of  the  CNTs 
surfaces  for  the  adherence  of  metal  particles,  catalyst  samples 
were  prepared  by  sonication  of  150  mg  of  purified  CNTs  in 
20  ml  of  acetone  for  6  h.  A  solution  containing  MWNTs  was 
magnetically  stirred  for  24  h,  after  adding  an  aqueous  solu¬ 
tion  of  hexachloroplatinic  acid  (1%).  The  reducing  solution 
was  added  slowly  to  the  mixture  containing  MWNTs  and  Pt 
salt.  Then,  the  solution  was  washed  with  copious  amounts 
of  deionized  water  and  acetone  for  many  times,  and  filtered. 
The  solid  portion  was  dried  at  80  °C  for  about  3  h. 

Catalyst  C:  This  was  prepared  by  the  same  method  as  for 
catalyst  A,  except  that  the  MWNTs  were  functionalized  by 
pre- treatment  with  70%  nitric  acid  in  order  to  introduce  sur¬ 
face  oxides.  A  sample  of  200  mg  of  MWNTs  was  refluxed 
under  constant  agitation  in  30  ml  of  70%  HNO3  at  1 10  °C  for 
12  h.  The  solid  phase  was  removed  by  centrifugation  and 
washed  with  distilled  water;  the  recovered  MWNTs  were 
dried  at  80  °C  for  12  h.  The  dried  sample  was  ultrasonicated 
in  10  ml  of  acetone  for  1  h  and  then  1%  hexachloroplatinic 
acid  solution  was  added  slowly  during  stitrring.  After  12  h, 
the  mixture  was  reduced  by  adding  a  reducing  solution  of 
0.1M  NaBH4  and  1M  NaOH. 

Catalyst  D:  This  was  prepared  by  weak  oxidation  of  puri¬ 
fied  carbon  nanotubes  in  nitric  acid  to  create  anchor  sites,  i.e., 
surface  oxides  for  the  Pt.  Then,  Pt  was  attached  to  the  surface 
of  the  oxidized  nanotubes  by  reduction  of  K2PtCl6  in  ethy¬ 
lene  glycol,  which  probably  achieved  ion  exchange  with  the 
hydrogen  atoms  on  the  carboxylic  acid  sites  on  the  surfaces  of 
the  CNTs.  In  a  typical  synthesis,  100  mg  of  CNTs  with  22  mg 
of  K2PtCl6  was  refluxed  with  300  ml  diluted  ethylene  glycol 
(3:2  molar  ratio  with  water)  for  6  h  at  1 10  °C.  Following  re¬ 
flux,  the  mixture  was  allowed  to  cool  to  room  temperature 
and  then  centrifuged  for  30  min  at  5000  rpm.  The  wet  solids 
were  washed  many  times  with  deionized  water,  filtered  and 
dried  at  80  °C  for  4  h. 
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2.3.  Electrochemical  measurements 

For  characterization  of  the  electrocatalysts  towards  oxy¬ 
gen  reduction  in  a  solid  PEMFC,  membrane  electrode  as¬ 
semblies  (MEA)  were  obtained  by  sandwiching  a  pre- treated 
Nation  1035  membrane  between  the  anode  and  cathode.  Both 
the  anode  and  cathode  layer  consisted  of  a  backing  layer,  a  dif¬ 
fusion  layer  and  a  catalyst  layer.  To  prepare  the  catalyst  layer, 
the  required  amount  of  catalyst  was  mixed  with  a  5%  Teflon 
suspension.  The  mixture  was  suspended  in  water  and  ultra- 
sonicated  by  adding  5  wt.%  Nation  solution.  The  paste  thus 
obtained  was  brushed  on  to  Teflonized  carbon  paper  GDL-10 
(10-H,  SGL  carbon  group  technologies,  Sigracet)  and  pressed 
at  130  °C  and  1000  psi  for  2  min.  The  anode  contained  a  Pt 
loading  of  0.25  mg  cm-2  and  the  cathode  0.5  mg  cm-2.  The 
operating  conditions  were  kept  constant  to  facilitate  a  com¬ 
parative  evaluation  of  the  various  ME  As.  The  anode  and  cath¬ 
ode  were  contacted  on  their  rear  with  gas  flow-field  plates 
that  were  machined  from  high-density  graphite  blocks  (Elec- 
trochem,  USA),  in  which  channels  were  machined  to  achieve 
minimum  mass  polarization  in  the  PEMFC.  Humidified  gases 
are  passed  to  the  electrodes  from  a  Novatech  test  station. 
Adjacent  to  both  the  graphite  blocks,  gold-coated  current- 
collectors  are  used  and  are  connected  to  a  Won  A-Tech  (HPCS 
1)  dc  load  box  via  a  suitable  software  for  various  cycles  of 
current  loading  and  for  activating  the  electrode.  Galvanos- 
tatic  polarization  data  were  obtained  at  various  temperatures. 
The  geometric  area  of  the  electrode  was  5  cm2. 

Cyclic  voltammetry  (CV)  was  used  to  measure  the  elec¬ 
trochemical  surface  area  (ESA)  of  the  fuel-cell  electrodes,  in 
order  to  obtain  the  localization  of  platinum  near  their  front 
surfaces,  using  an  EG&G  M270  electrochemical  system.  On 
passing  argon  for  the  test  electrode  and  hydrogen  through 
the  counter  electrode  chamber,  the  potential  was  swept  be¬ 
tween  0  and  1.2  V  versus  a  reversible  hydrogen  electrode 
(RHE)  at  a  scan  rate  of  15  mV  s-1.  Because  of  the  negli¬ 
gible  overpotential  for  hydrogen  oxidation  or  evolution  at 
the  counter  electrode,  it  serves  as  a  hydrogen  reference  elec¬ 
trode.  From  the  CV,  the  charge  equivalent  to  the  area  un¬ 
der  the  hydrogen  desorption  region  was  evaluated  and  the 
ESA  was  calculated  assuming  that  the  charge  required  for 
the  adsorption-desorption  of  a  monolayer  of  atomic  hydro¬ 
gen  on  the  surface  is  210  jjiC  cm-2  [24]. 


3.  Results  and  discussion 

3.1.  Characterization  ofMWNTs  and  Pt  catalysts 

Scanning  electron  micrographs  of  purified  MWNTs  and 
Pt-loaded  MWNTs  (catalyst  A)  are  shown  in  Fig.  la  and  b, 
respectively.  It  can  be  seen  that  the  tubular  walls  are  suf¬ 
ficiently  decorated  by  Pt  nanoparticles  with  a  particle  size- 
distribution  in  the  range  3-15  nm.  Similar  micrographs  pic¬ 
tures  were  taken  for  the  other  catalysts  B,  C  and  D.  The  energy 
dispersive  analysis  in  Fig.  2a-d  shows  that  the  amount  of  Pt 


Fig.  1.  (a)  Scanning  electron  micrographs  of  (a)  purified  MWNTs  and  (b) 
platinum  dispersed  on  MWNTs  support. 


loaded  on  the  carbon  nanotube  support  with  reference  to  car¬ 
bon  can  be  evaluated  qualitatively  as  14.5,  16.2,  19.6  and 
32.5%  for  catalysts  A,  B,  C  and  D,  respectively  (Table  1). 

TEM  measurements  were  performed  by  ultrasonicating 
the  sample  in  acetone  for  1  h  to  obtain  a  good  dispersion  and 
then  deposition  on  to  copper  grids  covered  with  a  continu¬ 
ous  film  of  carbon.  A  HRTEM  image  of  purified  MWNTs 
is  presented  in  Fig.  3.  A  TEM  image  of  Pt-loaded  CNT  for 
catalyst  C  is  given  in  Fig.  4  and  shows  a  more  or  less  uniform 
distribution  of  noble  metal  particles  of  size  of  about  3-5  nm 
on  the  CNTs.  TEM  images  of  other  catalysts  also  reveal  uni¬ 
form  distribution  of  Pt  nanoparticles,  except  for  catalyst  D 
where  agglomeration  occurs  with  a  maximum  particle  size 
of  12-15  nm.  The  particle  size  of  Pt  may  be  correlated  with 
the  oxidation  of  CNTs,  which  indicates  that  the  efficient  de¬ 
position  of  Pt  nanoparticles  is  due  to  a  strong  interaction 
between  the  metal  salt  precursor  and  the  graphene  edges  of 
the  CNTs.  Chemical  functional  groups,  namely  — COOH  and 
—OH  derived  from  chemical  oxidation  processes,  act  as  an¬ 
choring  sites  for  metal  nanoparticles.  These  —COOH  sites 
induce  the  impregnation  of  small  and  large  particles  (broad 
distribution).  From  the  TEM  measurements,  it  is  observed 
that,  for  oxidized  CNTs,  the  diameter  of  the  metal  particles 
deposited  is  less  than  that  of  non-oxidized  CNTs. 
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Fig.  2.  Energy  dispersive  analysis  of  (a)  catalyst  A  prepared  with  aqueous  medium,  (b)  catalyst  B  prepared  with  organic  solvent,  (c)  catalyst  C  pre-treated  with 
nitric  acid,  and  (d)  catalyst  D  prepared  by  ethylene  glycol  method. 


The  XPS  spectrum  of  purified  MWNTs  is  given  in  Fig.  5a. 
The  O  Is  peak  at  533.7  eV  shows  the  oxidized  CNTs  in  com¬ 
parison  with  pure  pristine  surface,  for  which  the  peak  occurs 
at  531  eV.  This  higher  binding  energy  indicates  that  the  elec¬ 
trons  are  more  strongly  bound  to  the  surface  carbon.  The 
C  1  s  spectrum,  deconvoluted  into  two  peaks  is  presented  in 
Fig.  5b.  The  peak  at  288.9  eV  shows  that  the  surfaces  are 
covered  with  carboxylic  groups. 

The  Pt  4f  core  level  XPS  spectrum  of  Pt-loaded  CNTs 
is  shown  in  Fig.  6.  The  doublet  contains  a  peaks  at  71.4  and 
74.7  eV,  i.e.,  there  is  a  spin-orbit  splitting  of  3.3  eV  for  the  dif¬ 
ferent  Pt  oxidation  states  of  the  Pt(0)  and  Pt(IV)  species.  The 
lower  binding  energy  doublet  with  Pt  4f7/2  at  7 1 .4  eV  agrees 
well  with  the  published  value  of  71.1  eV  for  Pt.  The  spec¬ 
trum  was  deconvoluted  using  a  curve-fitting  program  into 
four  components  labeled  as  1,  2,  3  and  4  with  respective 
binding  energies  of  71.3,  72.4,  74.3  and  75.7  eV  and  respec¬ 


tive  relative  intensities  of  81,  18,  62  and  37%.  The  signals 
at  71.3  eV  can  be  assigned  to  zero- valent  Pt,  the  signal  at 
72.4  eV  is  ascribed  to  PtO,  and  the  signals  at  74.3  and  75.7  eV 
seemingly  arise  from  PtC>2  species  [25-27]. 

3.2.  Electrochemical  measurements 

The  current- voltage  characteristics  of  a  PEMFC  fabri¬ 
cated  with  nanocomposites  of  Pt  on  MWNTs  as  a  cathode 
catalyst  were  obtained  by  activating  the  electrodes  between 
the  open-circuit  potential  and  increasing  the  current  as  shown 
in  Fig.  7.  The  same  procedure  was  followed  for  all  the  cat¬ 
alysts,  prior  to  polarization  studies.  This  activation  cycle  is 
necessary  to  activate  the  catalyst  for  the  oxygen  reduction 
reaction  [28].  The  polarization  curves  for  fuel-cell  electrodes 
prepared  using  catalysts  A,  B,  C  and  D,  respectively,  at  vari¬ 
ous  temperatures  ranging  from  50  to  80  °C  under  an  operating 


Table  1 


Platinum  loading,  PEMFC  performance  and  kinetic  parameters  of  various  catalysts 


Sample 

Pt  (%) 

CNT  (%) 

Pt  loading  (%) 

Tafel  slope  (mV/decade) 

Resistance  (Q  cm2) 

Voltage  (mV)  at  500  mA  cm  2 

Catalyst  A 

13.3 

77.97 

14.5 

82.5 

0.31 

630 

Catalyst  B 

14.5 

75.15 

16.2 

61.5 

0.35 

640 

Catalyst  C 

18.4 

75.65 

19.6 

75.1 

0.21 

676 

Catalyst  D 

28.6 

59.51 

32.5 

56.7 

0.41 

638 

ETek 

20 

100 

20 

90.5 

0.198 

686 

254 
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Fig.  3.  Transmission  electron  micrograph  of  purified  MWNTs. 


pressure  of  1 5  psi  are  given  in  Fig.  8a-d.  Under  the  same  oper¬ 
ating  conditions,  the  fuel-cell  performance  is  almost  the  same 
for  all  the  catalysts  up  to  a  current  density  of  400  mA  cm-2, 
giving  a  potential  of  750  mV.  But  at  a  slightly  higher  cur¬ 
rent  density  of  500  mA  cm-2,  however,  the  electrode  pre¬ 
pared  with  catalyst  C  gives  a  potential  of  680  mV,  whereas 
the  other  electrodes  with  catalysts  A,  B  and  D  give  around 
640  mV  as  shown  in  Fig.  9.  A  commercial  20%  Pt  on  C  cat¬ 
alyst  also  reports  680  mV.  The  oxygen  reduction  reactivity, 
which  is  reflected  in  the  performance  of  the  fuel-cell,  can  be 
attributed  to  the  different  particle  size  of  Pt  on  the  Pt/MWNTs 
catalysts,  which  results  from  the  different  preparation  meth¬ 
ods.  TEM  analysis  shows  a  homogeneous  distribution  of 
smaller  Pt  particles  distribution  for  catalyst  C,  which  results 
in  an  enhanced  interaction  between  the  Pt  and  CNT  and  thus 
leads  to  higher  performance.  The  data  of  Fig.  9  show  that 
catalyst  C,  for  which  the  CNTs  were  pre-treated  with  nitric 
acid  to  assist  the  adherence  of  metal  particles,  gives  a  bet¬ 
ter  performance  at  higher  current  densities  compared  with 
all  the  other  catalysts.  Thus,  although  catalyst  D  has  higher 
Pt  loading  than  catalyst  C,  viz.,  32wt.%  versus  19.6  wt.%, 
the  fuel-cell  performance  at  higher  current  densities  is  lower 
than  that  of  catalyst  C.  This  can  be  attributed  to  the  larger 


Fig.  4.  Transmission  electron  micrographs  of  (a)  catalyst  A,  (b)  catalyst  B,  (c)  catalyst  C,  and  (d)  catalyst  D. 
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Fig.  5.  X-ray  photoelectron  spectrum  of  purified  MWNTs  for  (a)  oxygen  Is  state  and  (b)  carbon  Is  state. 


particle  size  and  higher  agglomeration  of  the  Pt  particles  in 
catalyst  D. 

The  relative  PEMFC  performance  depends  strongly  on  the 
electrical  conductivity  of  the  CNT  support,  and  the  ability  of 
the  catalyst  support  to  transport  electrons  to  the  current  col- 


Fig.  6.  X-ray  photoelectron  spectrum  of  Pt/CNTs  for  Pt  4f  state. 


Fig.  7.  Activation  cycle  for  PEMFC  electrode. 


lector  of  the  ME  A.  In  the  region  of  low  current  density,  the 
voltage  drops  in  the  polarization  curve,  which  are  generally 
known  as  the  activation  polarization,  reflects  the  sluggish  ki¬ 
netics  of  the  oxygen  reduction  reaction  at  the  cathode  surface. 
The  experimental  polarization  data  were  analyzed  using  the 
semi-empirical  equation  proposed  by  Ticianelli  et  al.  [29], 
i.e., 

V  =  Vo-  b  log  I-RI  (1) 

where  V  and  I  are  the  experimentally  measured  cell  voltage 
and  current,  respectively;  b  and  R  are  the  Tafel  slope  and 
total  dc  resistance.  The  dc  resistance  constitutes  the  contri¬ 
butions  from  the  membrane  resistance  and  other  electrode 
components  that  are  responsible  for  the  linear  variation  of 
potential  with  current.  The  membrane  resistance  is  found  to 
be  0.1072  £2  cm2  for  a  membrane  of  thickness  89  pan.  The 
experimental  data  were  fitted  to  the  above  equation  by  a  non¬ 
linear  least  squares  method  in  order  to  evaluate  the  kinetic 
parameters  of  the  different  electrocatalysts  from  regression 
analysis.  The  resulting  values  are  given  in  Table  1.  It  is  clear 
that  high  performance  is  obtained  with  a  high  loading  of  Pt 
up  to  19%,  which  naturally  shows  a  low  dc  resistance.  The 
Tafel  slope  (dV/d(log  /))  for  oxygen  reduction  is  found  to  be 
around  50-90  mV  per  decade  over  the  entire  current  density 
range  for  the  synthesized  catalysts. 

The  electrocatalysis  of  O2  reduction  using  the  Pt  nanopar¬ 
ticle  electrodes  was  also  examined.  Nanostructured  carbons 
with  such  high  electrocatalytic  activity  are  expected  to  be  use¬ 
ful  for  the  construction  of  fuel-cell  cathodes  in  which  high  Pt 
loading  is  essential.  The  cyclic  voltammetry  data  presented 
in  Fig.  10  show  that  Pt  is  localized  on  the  electrode  surface, 
i.e.,  hydrogen  adsorption  and  desorption  that  occurs  on  a  Pt 
surface  can  be  seen  in  the  range  0-0.4  V.  To  evaluate  the  Pt 
surface  area,  the  current  densities  of  hydrogen  adsorption  and 
desorption  were  integrated  separately  and  referred  to  a  charge 
of  210  p,C  cm-2  [24],  which  is  assumed  to  relate  to  a  mono- 
layer  of  hydrogen  adsorption  on  the  Pt  surface.  The  oxygen 
reduction  current  is  found  to  be  7  mA  for  Pt-loaded  CNTs 
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Fig.  8.  Polarization  curves  of  PEMFC  performance  at  various  temperatures 
and  pressures  for  catalysts  A,  B,  C  and  D. 

at  potentials  characteristic  for  Pt  electrocatalysis.  There  are 
two  ways  to  express  the  catalytic  activity,  namely  (i)  mass 
activity,  i.e.,  the  current  per  unit  amount  of  catalyst;  (ii)  the 
specific  activity  i.e.,  for  unit  surface  area  of  catalyst.  The  mass 


Fig.  9.  Comparison  of  fuel-cell  performance  with  various  catalysts  and  with 
commercial  catalyst  at  80  °C  and  15  psi. 


Fig.  10.  Cyclic  voltammogram  illustrating  electrocatalytic  nature  of  Pt  dis¬ 
persed  on  CNTs  (scan  rate  15  mV  s-1 ,  geometric  area  5  cm2). 

activity  has  practical  implications  in  fuel-cells,  because  the 
cost  of  the  electrode  depends  on  the  amount  of  Pt  used,  and 
specific  activity  provides  a  measure  of  the  electrocatalytic 
activity  of  Pt  atoms  in  the  particle  surface.  A  Pt  utilization  of 
around  44%  was  found  for  all  the  catalysts. 

4.  Conclusion 

Electrocatalysts  have  been  prepared  using  Pt  salts  as  a 
source  of  metal  and  pre-treated  CNTs.  They  have  been  used 
for  the  oxygen  reduction  reaction  in  a  PEMFC  and  the  result¬ 
ing  performance  has  been  analyzed  with  respect  to  catalyst 
synthesis  and  Pt  loading.  Electrodes  prepared  with  the  cata¬ 
lyst  pre-treated  with  HNO3  for  the  oxidation  of  CNTs  give  a 
Pt  loading  of  19.6%  and  a  higher  performance  for  fuel-cell 
applications.  By  contrast,  eletrodes  prepared  with  the  cata¬ 
lyst  obtained  by  ethylene  glycol  and  Pt  salt  give  a  Pt  loading 
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of  32%  with  lower  fuel-cell  performance,  which  is  due  to 
the  larger  Pt  particle  size  and  agglomeration.  Thus,  for  high 
performance  in  fuel-cells,  CNTs  have  to  be  functionalized  to 
have  a  uniform  dispersion  with  a  narrow  Pt  particle  range, 
rather  than  a  higher  loading  of  platinum. 
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